Plasmonic color filters as dual-state nanopixels for high-density microimage encoding by Heydari, Esmaeil et al.
FULL PAPER
www.afm-journal.de
1701866 (1 of 6) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Plasmonic Color Filters as Dual-State Nanopixels for  
High-Density Microimage Encoding
Esmaeil Heydari, Justin R. Sperling, Steven L. Neale, and Alasdair W. Clark*
Plasmonic color filtering has provided a range of new techniques for “printing” 
images at resolutions beyond the diffraction-limit, significantly improving upon 
what can be achieved using traditional, dye-based filtering methods. Here, a 
new approach to high-density data encoding is demonstrated using full color, 
dual-state plasmonic nanopixels, doubling the amount of information that can 
be stored in a unit-area. This technique is used to encode two data sets into a 
single set of pixels for the first time, generating vivid, near-full sRGB (standard 
Red Green Blue color space)color images and codes with polarization-switch-
able information states. Using a standard optical microscope, the smallest 
“unit” that can be read relates to 2 × 2 nanopixels (370 nm × 370 nm). As a 
result, dual-state nanopixels may prove significant for long-term, high-resolu-
tion optical image encoding, and counterfeit-prevention measures.
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over their microscale, dye-based counter-
parts. Chief among these are their subwave-
length dimensions (leading to ultradense, 
ultrathin pixel arrays), and their long-term 
environmental stability (they do not degrade 
or fade over time due to radiation exposure). 
As a result, plasmonic filters have been 
positioned as new technological solutions 
for subwavelength color printing,[1,4,7–9,12] 
anticounterfeiting measures,[19,20] and 
RGB splitting for image sensors;[2,17,21,22] 
thus representing one of the most prom-
ising, technologically relevant areas of cur-
rent plasmonic research activity. Here, we 
explore a new application of polarization-
controlled plasmonic filters: dual output, 
full-color optical image encoding.
Recent developments in the engineering and manipulation of 
materials on the nanoscale have given rise to a number of new 
techniques with the potential for physically encoding data and 
images into optically readable volumes and surfaces.[23,24] Using 
semiconductor quantum dots,[25–27] graphene,[28] and various 
super-resolution lithography techniques,[29–34] researchers are 
demonstrating novel 2D and 3D techniques that may enable the 
next generation of optical storage and encoding technologies. 
Plasmonic particles and filters have also seen applications in 
these research areas, with the aforementioned image encoding 
examples having been joined by demonstrations of their use in 
optical data storage.[23,24,35–37] Here, we show a new utilization 
of image encoding using polarization multiplexed plasmonic fil-
ters, where, unlike previous studies that employed color or posi-
tion switching in fixed images,[14,38] we show that two arbitrary, 
full-color images can be encoded into a single array of pixels. 
Our individual pixels are comprised of asymmetric cross-shaped 
nanoapertures in a thin film of aluminum. Each aperture is 
engineered to exhibit two independent plasmonic resonances 
which can be tuned across the sRGB (standard Red Green Blue) 
color-space (a single pixel can be encoded with any two arbitrary 
colors). We go on to show that by using the smallest visible unit 
of these apertures (2 × 2 apertures, measuring ≈370 nm × 370 
nm) as high-resolution coding-elements we can create high-den-
sity QR codes that contain two optically-readable outputs.
2. Results and Discussion
The color pixels were constructed as cross-shaped apertures 
in a 100 nm aluminum film deposited on a borosilicate sub-
strate and capped with a 150 nm layer of SiO2 (using a com-
bination of metal-evaporation, electron-beam lithography, 
Plasmonic Color Filters
1. Introduction
The ability to effectively separate discrete colors from white light 
lies at the heart of how we record and view optical information, 
whether that be the arrangement of colored inks in painting and 
printing applications, or the spectral filters that enable many 
modern image display and recording technologies. In each case, 
color separation is typically provided by organic compounds, dyes, 
and pigments that absorb and scatter particular wavelengths of 
light, leading to their distinct color profiles. Recently, structural 
color systems based on engineered nanophotonic materials have 
emerged as an appealing alternative to absorptive dyes.[1–12] Among 
these examples are color filters based on plasmonics; filters which 
rely on the resonant interaction between incident photo ns and the 
free-electrons of nanoscale metal structures. Thus far, filters based 
on positive nanostructures,[4,7,9,11–15] filters based on cavity aper-
tures,[2,16–18] and filters which combine both strategies[8] have been 
shown, each with distinct fabrication and geometrical solutions to 
achieving color “nanopixels” for selective white-light separation. 
Plasmonic pixels, in their various forms, hold several advantages 
© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
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reactive ion etching, and inductively coupled plasma deposi-
tion). Al was chosen as our plasmonic material due to its wide 
spectral plasmonic band, which can be tuned from the UV to 
the NIR, its low-cost, and its compatibility with current semi-
conductor manufacturing processes. Acting as a filter for white 
light, the color response of the individual pixels was tuned by 
altering the arm-length and periodicity of the cross structures. 
The cross-structure itself enables polarization dependence due 
to the selection rules for light propagation through a nanoscale 
slit, which requires the electric-field component of the incident 
light to be perpendicular to the length of the slit (Figure 1a). 
As a result, the two perpendicular arm sections of the cross 
can support their own resonance properties that can be tuned 
independently of one another, with zero color-leaking between 
modes.
Figure 1b shows a polarization-switchable color palette made 
using these structures. The palette is comprised of 21 × 21 pixel 
arrays, each with different design parameters. By independently 
varying the “arm-lengths” of the cross in each axis, as well as the 
period of the array in each axis, we can create a full range of vis-
ible colors at each polarization of white light. Moving from top 
to bottom, the length of the x-axis arm is increased from 120 to 
220 nm, in 5 nm increments, (measured by SEM as 112 ± 5 nm 
to 219 ± 9 nm [SD]) while the period in the y-axis is decreased 
from 350 to 250 nm, in 5 nm increments. Moving from left 
to right, the length of the y-axis arm is decreased from 220 to 
120 nm, while the period in the x-axis is increased from 250 to 
350 nm. In all cases, the width of the arms is fixed at 20 nm 
(measured by SEM as 21 ± 2 nm [SD]). As a result, the top-left 
and bottom-right halves of the palette, as marked in Figure 1b, 
are the inverse of one another (i.e., the array in the upper-top-
left of the palette is the same as the array in the lower-bottom-
right, but rotated through 90°). The arrays which sit directly 
on the dividing line (Figure 1b) have identical dimensions and 
periods in x and y. As can be seen from Figure 1b, both the arm 
length (perpendicular to the electric-field) and periodicity (par-
allel to the electric-field) of the structures affect the pixel color; 
red-shifting as either value is increased. The periodicity of the 
pixels also dictates the sharpness of each resonance (the reso-
nance becoming broader with decreasing interpixel distance) 
and the transmission efficiency (longer arms letting through a 
higher percentage of light). As a result, to achieve any one par-
ticular color there is a compromise between transmission per-
centage, spectral width, and peak position.
Using the previously stated dimensions, we can create a pal-
ette that encompasses the visible spectrum, running from deep 
blue to magenta. This palette by no means demonstrates all of the 
colors we can create, but instead the colors that can be accessed 
using the previously stated dimensional constraints. Choosing a 
minimum pixel period of 250 nm allows us to increase the arm-
length of neighboring pixels to 220 nm without them merging. 
These constraints were not arbitrarily chosen, but instead trans-
late to the widest color gamut available while maintaining the 
ability to encode both extremes of the color range into a single 
pixel geometry (outputting magenta in one polarization, blue in 
another). In other words, it is the best compromise that allows 
us to span the visible spectrum in both polarizations.
Figure 1c shows spectral analysis of 22 pixels arrays, selected 
from Figure 1b-i, that best represent the color range attainable 
using cross-shaped nanoapertures. Many of the pixel arrange-
ments support both the high-frequency and the low-frequency 
resonance modes. For the majority of the palette, the high-fre-
quency mode either occurs below 400 nm, or is so weak that its 
presence does not affect the perceived color output. As a result, 
increasing the arm-length or period results in a predictable 
“red-shift” of the spectra, and the perceived color output. How-
ever, for pixel arrays with larger transmission arm-lengths and 
periods, a strong mode can appear between 400 and 450 nm. 
This is the case for the magenta outputs. While the low-fre-
quency “red” peak occurs between 650 and 700 nm for these 
pixels, the strong “blue” peak contributes to the perceived color, 
resulting in a mixture of the two, and producing magenta. By 
balancing these various spectral characteristics it would be 
possible to encode any single pixel with any two visible colors, 
giving us access to far too many variants than would be prac-
tical to demonstrate here. Figure 1d shows a CIE XY chroma-
ticity diagram for the same 22 pixel array selection as Figure 1c, 
giving a clear representation of the color range accessible using 
these parametric constraints. The vibrancy and range of color 
that can be seen in Figure 1c are also seen here. The selected 
pixels show that we have coverage extending across the extremi-
ties of the majority of the sRGB color space (marked as a tri-
angle on the diagram).
One of the major motivating factors driving the develop-
ment of plasmonic color technology is the potential it holds 
for ultrahigh-resolution image “printing”, with nanoscale pixel 
components facilitating print resolutions far beyond the diffrac-
tion limit.[9] By employing asymmetric pixels that can support 
polarization dependent resonances, further versatility is pos-
sible. Individual pixels that can encode two color profiles allow 
for images which have dual color states[38,39] and stereoscopic 
properties.[14] Here, we show that it is possible to use a single 
array of cross-shaped apertures to encode two full-color images 
into the same unit area, using the same set of nanopixels.
Figure 2 shows bright-field microscopy images of two dis-
tinct color patterns, each produced from the same pixel array. 
Through appropriate design and arrangement of the indi-
vidual pixels, we have engineered a patterned white-light filter 
that, when illuminated from the rear, produces one of the two 
images, each linked to a different polarization (Figure 2a). As an 
example of the ability to produce dual, polarization-dependent 
information states in the same space, we have chosen to display 
microimages of the University of Glasgow crest when the light 
is polarized along the y-axis of the array, and the University’s 
main building when the light is polarized along the x-axis of 
the array. The “arms” of each cross have been tuned to transmit 
the color appropriate to the desired image at each polarization. 
Since each aperture can produce any two visible colors, it is 
possible to encode any two arbitrary, full-color images or infor-
mation sets into the same area using the same pixels (as can 
be seen from both Figures 1b and 2, there is no color leaking 
between polarizations).
Using dual-resonance pixels in this manner enables nano-
structured surfaces to be produced which have double the 
information density of those which use single resonance 
pixels, a feature that could be used in long-term optical image 
storage applications. Nanophotonic solutions have recently 
emerged as an attractive addition to the field of information 
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Figure 1. Nanopixel properties. a) SEM of a typical pixel array. SEM was taken before the deposition of the SiO2 layer. b-i,ii) Bright-field microscope 
images showing a switchable color palette with different color outputs linked to different white-light polarizations. The geometry and period of each 
pixel array have been altered across the palette to produce a color range that spans the visible spectrum, and where both extremes of the range can 
be encoded into the same pixel (blue and magenta). The pixel arrays are labeled A1–U21. Moving from top to bottom the arm length in the x-axis is 
increased while the y-axis period is decreased. Moving from left to right the arm-length in the y-axis is decreased while the x-axis period is increased. 
The arm width is fixed. The pixel arrays on either side of the diagonal line are the inverse of one another (i.e., the x-axis period and arm-length of the 
array in the top-left of the palette have the same values as the y-axis period and arm-length of the array in the bottom-right). c) Normalized x-arm 
transmission spectra selected from the pixel arrays shown, and labeled, in (b-i), to best demonstrate the color range we can achieve across the vis-
ible spectrum. d) The same selection of pixel arrays plotted on a CIE XY chromaticity diagram. The sRGB color space is marked by the white triangle.
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storage and display,[23,35] as their employment allows for opti-
cally readable storage at the diffraction-limit that, unlike mag-
netic or electronic methods, can provide stable, long-term 
data retention in scenarios where heat, humidity, or radiation 
damage may be a concern. Having the scope to encode two 
color images at nanoscale resolutions into the same area may 
also make this technology appealing for the creation of anti-
counterfeiting labels for bank-notes and high-value goods; 
labels that would be significantly more difficult to forge than 
current examples. Using a color-based pixel system allows for 
another advantage: the stored information, in this case micro-
images, can be “read” using white light, a standard micro-
scope, and the human eye.
The pixel density we can achieve using cross-shaped aper-
tures varies with color due to the periodicity changes required to 
achieve a full color palette. As a result, we can achieve a density 
range that spans pixels-per-inch (PPI) values of 101 599 PPI at its 
most dense, and 72 568 PPI at its most sparse. These values repre-
sent the number of physical apertures in a single inch, in any one 
axis (the periods in X and Y may differ depending on the desired 
2-color pixel response). Since we can encode both “arms” of any 
one aperture with its own color profile, we are able to effectively 
double this PPI range in terms of useful image encoding density. 
However, in order to determine the ultimate usable capacity of 
this system, we must determine the size limit below which indi-
vidual groups of pixels cannot be resolved using white light.
Figure 3 shows an ultrahigh-density QR code encoded with 
two layers of information. These QR codes have feature sizes 
beyond the diffraction limit that are nevertheless visible using a 
simple optical microscope. QR codes are comprised of a matrix 
of contrasting modules, the layout of which defines a 2D barcode. 
After fabricating a range of codes using different pixel numbers 
per module, it was determined that the smallest color feature 
that can be resolved using white light and a standard optical 
microscope comprises 2 × 2 nanopixels (at a period of 250 nm). 
The dual-state code in Figure 3 has outputs relating to the home-
page URLs of Advanced Functional Materials and the University 
of Glasgow's School of Engineering. The 16 µm × 16 µm codes 
(the smallest possible using the 2 × 2 pixel per QR-module limit) 
are clearly visible using a 100× objective lens, and both informa-
tion outputs can be easily decoded using a mobile phone QR-
reader application. At this level, color separation from immedi-
ately adjacent pixel groupings is maintained, as is the polariza-
tion switching capability (green boxes marked in Figure 3a-i,ii. 
This visible-pixel density relates to an area of 370 nm × 370 nm 
for the smallest features we demonstrate here (period + arm-
length). We believe these to be the smallest, most information 
dense, optically resolvable QR codes demonstrated to date.
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Figure 2. Bright-field microscope images showing the switchable nature of the information displayed by a single set of nanopixels. a) Bright-field 
transmission images showing the full-color pictures produced by the array when illuminated from the rear with white light at different polarizations. 
Switching the polarization of light causes the image displayed in the far-field to switch. b) Schematic showing how the images were taken. A white-light 
source passes through a linear polarizer before being selectively transmitted through the nanoapertures (pixels). At each polarization state the aperture 
transmits color corresponding to the desired display pattern.
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3. Conclusion
As the field of plasmonic color generation advances, there is 
a tremendous scope for devices based on these principles to 
be one of the few nanoplasmonic technologies that make the 
jump from research curiosity to commercial deployment. We 
have demonstrated a means of using dual-color nanopixels to 
encode two full-color information sets, whether they are images 
or codes, into the same unit area. As a result, this technology is 
positioned as a promising candidate for microimage encoding, 
particularly if the design principles were transferred to nano-
imprinting technologies. Furthermore, with a PPI value 
exceeding 100 000, each able to encode two color states, this 
technology may also prove useful for high-resolution printing 
applications and counterfeit-prevention measures.
4. Experimental Section
Fabrication: The pixels were fabricated using a combination of 
metal-evaporation, electron-beam lithography, reactive ion etching, and 
inductively coupled plasma deposition. 100 nm of Al was deposited 
onto a 500 µm borosilicate substrate via electron-beam evaporation. 
The ZEP520A etch mask was patterned using a Vistec VB6 UHR EWF 
electron beam lithography tool. The cavity-apertures that comprised 
the individual pixels were then created using SiCl4 gas in an Oxford 
Instrument System 100 reactive ion etch tool. A 150 nm SiO2 cap layer 
(added to enhance transmission) was deposited onto the etched Al film 
using an Oxford Instrument System 100 plasma deposition tool.
Optical Characterization: Bright-field images of the pixel arrays were 
captured using a Zeiss Axio Imager A1 optical microscope in conjunction 
with a Sony NEX-F3 camera. The Zeiss Epiplan-Neofluar objective lenses 
used included a 20 × 0.5 NA, a 50 × 0.5 NA, and a 100 × 0.75 NA. 
Plasmonic spectra were collected over the visible spectrum (400–700 nm) 
using a Shimadzu UV3101PC spectrophotometer and a linear film polarizer.
Data: All data relating to the work outlined in the article can be found 
at: http://dx.doi.org/10.5525/gla.researchdata.379.
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